Abstract. A quantitative genetic study of the ability of Aedes aegypti to propagate dengue-2 (DEN-2) virus in the midgut and in a disseminated infection in the head was conducted with a standard half-sib breeding design. Aedes aegypti aegypti and A. aegypti formosus differ markedly in oral susceptibility to DEN-2 virus. Mosquitoes were orally infected and, after an extrinsic incubation period of 14 days, virus titer (by tissue culture infectious dose, 50% endpoint) was determined in the midgut (MT) and head (HT). Body size as measured by wing length was not significantly different between infected and uninfected mosquitoes and was not correlated with MT or HT. The heritability for MT in both subspecies was 0.41 and was 0.39 for HT in A. aegypti formosus. In A. aegypti aegypti, HT appeared to be controlled by dominant alleles. The MT was not correlated with HT nor did MT determine whether virus disseminated out of the midgut. These results suggest that it is the barriers to infection and dissemination, independent of virus titer, that determine vector competence for DEN-2 virus.
The four serotypes of dengue (DEN) virus are a major public health concern for many tropical regions, each year causing hundreds of thousands of cases of dengue fever and dengue hemorrhagic fever. 1, 2 The primary vector of DEN viruses is the mosquito Aedes aegypti. Subspecies and strains of A. aegypti have been shown to vary phenotypically in their susceptibility to DEN viruses. 3 Aedes aegypti aegypti has a broad geographic distribution, and many studies have shown that it is a more competent vector of flaviviruses than A. aegypti formosus, which is distributed only in sylvan and rural areas of West Africa. 3, 4 In a study of the vector competence of A. aegypti for yellow fever (YF) virus, patterns of susceptibility among different populations were correlated with genetic groupings identified by allozyme analysis, suggesting a genetic basis for this variation. 4 Similar phenotypic variation has been seen for DEN viruses in another important vector, A. albopictus. 5 When a mosquito takes a viremic blood meal, the virus encounters several barriers to infection. First, virus must establish an infection in the midgut by overcoming a midgut infection barrier (MIB). Following replication in midgut epithelium, virus must pass through a midgut escape barrier (MEB) and replicate in other tissues (disseminated infection). Finally, virus must infect the salivary glands and be shed in saliva to be transmitted to the next vertebrate host.
The genetics of MIB, MEB, and disseminated infection in A. aegypti for DEN virus and other flaviviruses are not well understood. Genetic studies of vector competence to date have primarily used selection protocols to produce susceptible and resistant lines, followed by crossing these lines to analyze the phenotype in F 1 offspring and in some studies, monitoring of susceptibility in F 2 and backcross generations. Miller and Mitchell 6 selected lines of A. aegypti that were completely refractory or highly susceptible to YF virus. The F 1 progeny were intermediate in susceptibility, suggesting that alleles at vector competence loci act additively, and F 2 backcrosses suggested the involvement of multiple loci. Selection produced Culex tarsalis lines that differed 25,000-fold in oral susceptibility to western equine encephalomyelitis (WEE) virus. 7 Backcrosses showed that susceptibility was dominant and under the control of several loci.
Environmental conditions also affect vector competence.
Larval crowding and nutrition 8, 9 as well as age of the adult mosquito 8 significantly affect vector competence for arboviruses. Other studies have demonstrated the importance of temperature in several vector-virus systems [10] [11] [12] [13] including the vector competence of A. aegypti for DEN-2 virus. 14 A complex phenotypic trait such as vector competence is often assumed to be under the control of multiple genetic loci and influenced to an uncertain extent by environmental factors. The field of quantitative genetics seeks to estimate genetic and environmental contributions to complex phenotypic traits. One of the primary goals of quantitative genetics is to estimate the extent to which variation in a trait (phenotypic variance, V P ) is conditioned by the environment (environmental variance, V E ) and genetics (genetic variance, V G ). The genetic variance is further partitioned into additive genetic variance (V A ) and dominance variance (V D ) to differentiate between alleles at a locus that act additively versus those that are dominant to other alleles.
Given that vector competence is under polygenic control [15] [16] [17] and significantly influenced by environmental effects, vector competence is appropriately analyzed as a quantitative trait. One of the most measured quantitative genetic parameters is the narrow-sense or additive genetic heritability. Additive genetic heritability is the proportion of variation in a trait attributed to additive genetic effects and is important because it predicts the response to selection on a trait. 18 Dominance heritability is the proportion of variation attributed to dominance of one or more alleles in determining the expression of a trait. Dominant alleles mask the expression of other alleles and therefore dominance heritability cannot accurately predict a response to selection. 18 The purpose of this study was threefold. The first goal was to estimate V A , V D , and V E for DEN-2 virus vector competence in the subspecies of A. aegypti. A half-sib breeding design is frequently used to estimate these parameters wherein a single male is mated to several females and the offspring of each female is measured for the trait of interest. 18 This is the first application of this technique to any study of the genetic factors underlying vector competence. In our study, the offspring were orally infected with DEN-2 virus and after an extrinsic incubation period of 14 days, virus titer in the midgut (MT) and, as a measure of dissem-inated infection, virus titer in the head (HT) was estimated by tissue culture infectious dose, 50% endpoint (TCID 50 ). Our second goal was to examine the association between MT and HT with barriers to virus infection (MIB, MEB) within the mosquito. The third objective was to compare the quantitative genetic components between subspecies to test for differences in the genetic mechanisms of vector competence.
MATERIALS AND METHODS
Mosquito strains. Aedes aegypti aegypti was from San Juan, Puerto Rico. Eggs collected from field ovitraps in the spring of 1995 were reared to adulthood in the laboratory starting from a population of 1,100 individuals. The first and second generations of offspring of these adults were used in all experiments. Aedes aegypti formosus was from Ibo village, Nigeria from which fifth-and sixth-generation mosquitoes were used.
Virus. The PR-159 strain of DEN-2 virus was isolated from the serum of a patient with dengue fever in Puerto Rico in 1969. 19 A confluent 75-cm 2 tissue culture flask of A. albopictus C6/36 cells was infected at a multiplicity of infection of 0.01-0.1, and the flask was brought to a total volume of 10 ml with L-15 medium, 2% fetal bovine serum (FBS), 100 U/ml of penicillin, and 100 g/ml of streptomycin (P/ S). After seven days incubation at 28ЊC, cells were scraped into the medium and this suspension was the source of virus for infectious blood meals.
Breeding and experimental design. A standard half-sib breeding design was used to estimate quantitative genetic parameters. 18 Single adult male mosquitoes were isolated in half-pint paper cartons with several females for mating. These groups of females were bloodfed on mice and isolated individually to oviposit. Egg batches from each female were reared separately in 500-ml plastic cups and fed on liver powder suspension. 20 Adults were maintained at 80 Ϯ 5ЊF and a relative humidity of 80 Ϯ 5% with a 14:10 L:D photoperiod. Families were infected via an artificial membrane feeder. 21 The blood meal consisted of equal parts virus suspension, washed sheep erythrocytes, and FBS with 10% sucrose. Fully engorged females were held for an extrinsic incubation period of 14 days at the same environmental conditions, after which they were frozen at Ϫ70ЊC until being assayed for virus titer.
Preparation of samples and virus assay. The entire midgut was dissected from the abdomen in 1ϫ phosphate-buffered saline (PBS), rinsed twice in a drop of 1ϫ PBS, and triturated in 200 l of L-15 medium with 2% FBS, P/S. The head was removed and triturated in 200 l of L-15, 2% FBS, P/S. Triturated samples were centrifuged at 12,000 ϫ g at 4ЊC for 20 min, and the virus titer of supernatants was determined by TCID 50 . 22, 23 In addition, wing length was measured to the nearest 0.1 mm using an ocular micrometer from the tip of the wing (not including the fringe of scales) to the anal notch.
Statistical analyses. All quantitative genetic parameters and their standard errors were estimated using a nested analysis of variance (ANOVA) for an unbalanced design. 24, 25 In a half-sib design the total phenotypic variance (V P ) is a function of the average variance among members of a full sib family (V E Ϫ environmental variance), the average variance among full sib families from dams mated to a common sire (V Dam ), and the average variance among offspring of a single sire (V Sire ): 18, 25 ϭ V D /V P . Significance of the heritabilities was determined with Ftests with V Sire or V DamϫSire treated as main effects and V E treated as the error variance. Chi-square, Pearson correlation coefficients, F-tests, and ANOVAs were completed on the computer program SAS. 27 Standard errors of variance components and h 2 A were calculated in a FORTRAN program (HALFSIB written by William C. Black IV) following the methods outlined in Searle 24 and Becker. 25 Complete data for MT, HT, and wing length were not obtained for all individuals because of experimental error associated with occasional sporadic cell culture problems and mosquitoes having lost portions of wings through age. Statistical tests of each variable were completed with as many individuals as possible.
RESULTS

Susceptibility of the Puerto Rico (PR) and Ibo strains.
A preliminary oral infection trial of the two subspecies showed that the PR strain was significantly more susceptible to DEN-2 than the Ibo strain. Approximately 61% (39 of 64) of PR mosquitoes developed a midgut infection compared with 25% (13 of 52) of Ibo mosquitoes ( 2 ϭ 15.0, degrees of freedom [df] ϭ 1, P Ͻ 0.001). Furthermore, 61% (39 of 64) of PR mosquitoes had a disseminated infection compared with 14% (7 of 52) in Ibo ( 2 ϭ 27.0, df ϭ 1, P Ͻ 0.001).
Viral titer in infectious blood meals varied in these experiments and in all experiments described below. The method used to prepare the artificial blood meals resulted in fairly consistent titers (mean Ϯ SD ϭ 7.58 Ϯ 0.64 log 10 /ml, range ϭ 6.90-8.80, n ϭ 10). The virus titer of the blood meal was not correlated with the proportion of mosquitoes that developed midgut (r ϭ Ϫ0.29, P ϭ 0.41, n ϭ 10) or disseminated (r ϭ Ϫ0.34, P ϭ 0.34, n ϭ 10) infections.
Quantitative genetic parameters. All variance components estimated from the half-sib design are shown in Table  1 . The Ibo strain was less susceptible to DEN virus infection, and because the magnitude of the variance is always correlated with the magnitude of the mean, 18 had much lower variances for MT and HT than the PR strain. Nevertheless, both strains had very similar additive genetic heritabilities of 0.41 for MT indicating a relatively large V A for this trait. The Ibo strain also has a positive V D . This contribution from nonadditive genetic effects for midgut titer in Ibo, while small, was found to be statistically significant by the F-test (P ϭ 0.002; Table 1 ). These nonadditive effects may include dominance among alleles at one or more loci or gene interactions among alleles at different loci (epistasis).
The Ibo strain also had a large V A for disseminated infection (HT), with an additive genetic heritability of 0.39. The V Dam was approximately zero, indicating no dominance effects. In contrast, the PR strain had a low additive genetic heritability for HT, although this value was statistically significant by the F-test. The V Dam , however, was large and the dominance heritability was statistically significant by the Ftest, indicating that dominant alleles and epistasis have a large effect on HT in A. a. aegypti.
Virus titer and wing length. Body size may affect vector competence. 9, 28, 29 Wing length was used as a measure of body size 30, 31 to test for this effect. The mean Ϯ SD wing length of PR (3.06 Ϯ 0.09 mm, n ϭ 221) was statistically higher than that of Ibo (2.86 Ϯ 0.14 mm, n ϭ 322) (F ϭ 331.89, P Ͻ 0.0001). Wing length was not significantly different between mosquitoes with and without disseminated infections in either subspecies (PR: mean length uninfected ϭ 3.06 [n ϭ 74], mean length infected ϭ 3.05 [n ϭ 128], P [t-test] ϭ 0.33; Ibo: mean length uninfected ϭ 2.86 [n ϭ 291], mean length infected ϭ 2.90 [n ϭ 25], P (t-test) ϭ 0.17). Furthermore, wing length was not correlated with MT or HT in either subspecies (MT Ϫ PR: n ϭ 127, r ϭ Ϫ0.06, P ϭ 0.49; Ibo: n ϭ 25, r ϭ Ϫ0.19, P ϭ 0.36, HT Ϫ PR: n ϭ 99, r ϭ 0.16, P ϭ 0.11; Ibo: n ϭ 14, r ϭ 0.30, P ϭ 0.29). Virus titers were unaffected by body size in this experiment.
Virus titers and barriers to infection. Mosquitoes fell into three distinct categories arising from the MIB and the MEB. These correspond to the three clusters of points shown in Figure 1 . Mosquitoes with an MIB had zero titer in the midgut and head. Mosquitoes with an MEB had a range of midgut titers, but did not develop a disseminated infection. Mosquitoes with disseminated infections had a range of titers in the midgut and head. The percentage of mosquitoes with an MIB, MEB, or a disseminated infection are listed in Table 2 for the two subspecies. The PR and Ibo strains differed significantly in the proportion of individuals in each of these three categories (2 ϫ 3 heterogeneity 2 ϭ 247.7, n ϭ 759, P Ͻ 0.001).
Despite differences in the strength of MIB and MEB in the subspecies, the amount of virus in infected tissues did not differ. Excluding mosquitoes with an MIB, the PR strain had a mean Ϯ SD MT of 5.17 Ϯ 0.97 log 10 and the Ibo strain had a mean Ϯ SD MT of 5.25 Ϯ 1.04 log 10 ; these means were not significantly different (n ϭ 200, F ϭ 0.20, P ϭ 0.66). Furthermore, in mosquitoes with disseminated infections, MT means Ϯ SD of 5.25 Ϯ 0.94 log 10 for PR and 5.29 Ϯ 1.16 log 10 for Ibo were not significantly different (n ϭ 137, F ϭ 0.02, P ϭ 0.90). Similarly, HT means Ϯ SD of 4.01 Ϯ 0.78 log 10 for PR and 4.17 Ϯ 1.13 log 10 for Ibo were not significantly different (n ϭ 184, F ϭ 0.87, P ϭ 0.35).
The amount of virus in the midgut did not affect the amount of virus in disseminated infections. Excluding mosquitoes with an MIB, there was no correlation between MT and HT in either PR (n ϭ 155, r ϭ 0.15, P ϭ 0.07) or Ibo (n ϭ 45, r ϭ Ϫ0.05, P ϭ 0.75). When only those mosquitoes with a disseminated infection were analyzed, there was no correlation between MT and HT in either PR (n ϭ 109, r ϭ 0.05, P ϭ 0.57) or Ibo (n ϭ 28, r ϭ Ϫ0.27, P ϭ 0.17). The lack of correlation is evident from the random dispersion of points in mosquitoes with a disseminated infection ( Figure  1) .
Furthermore, the amount of virus in the midgut did not determine if virus disseminated. Mosquitoes with an MEB showed the same range of MT as those with a disseminated infection. The mean Ϯ SD MT among mosquitoes with an MEB (PR: 4.97 Ϯ 1.00 log 10 ; Ibo: 5.17 Ϯ 0.83 log 10 ) did not differ from the mean Ϯ SD MT among mosquitoes with a disseminated infection (PR: 5.26 Ϯ 0.94 log 10 ; Ibo: 5.29 Ϯ 1.16 log 10 ) as determined by ANOVA in PR (n ϭ 155, F ϭ 3.04, P ϭ 0.08) or Ibo (n ϭ 45, F ϭ 0.11, P ϭ 0.74). Therefore, the midgut titer did not influence whether a mosquito developed a disseminated infection. DISCUSSION This is the first study to use a classic quantitative genetic approach to partition and identify the genetic factors underlying the ability of a vector to acquire and transmit a pathogen. Genes that act additively to control the ability of A. aegypti midgut epithelial cells to propagate DEN-2 virus accounted for 41% of the total phenotypic variation in both subspecies. In A. aegypti formosus, dominant genes accounted for an additional 9% of phenotypic variation. Genes that control the ability of DEN-2 virus to propagate in head tissues act additively in A. aegypti formosus and accounted for 39% of phenotypic variation. In contrast, in A. aegypti aegypti genes with additive effects only accounted for 14% of the variation in HT. Instead, dominant genes appeared to control HT in this subspecies and accounted for 54% of the phenotypic variation. Genes that control MT act similarly in the two subspecies while the genes that control HT differ.
The MIB genes in A. aegypti formosus permitted infections in only 11% of the individuals while MIB genes in A.
aegypti aegypti allowed up to 65% of the individuals to become infected. This provides strong circumstantial evidence that alleles that control the MIB differ greatly in frequency between the two subspecies. Genes that control midgut escape differed by only 12% (PR: 77% [155 of 201] Ϫ Ibo: 65% [31 of 48] ) in the two subspecies and thus appear similar in their activity. While the MEB was slightly higher in Ibo compared with PR ( 2 ϭ 3.9, n ϭ 247, P ϭ 0.048), the MIB was significantly greater in Ibo compared with PR ( 2 ϭ 261.5, n ϭ 787, P Ͻ 0.001).
Once infection of the midgut occurs, the amount of virus propagated in the midgut epithelial cells was the same between subspecies. Similarly, once the infection had escaped the midgut, the amount of virus propagated in the head (and presumably other body tissues) was the also the same in subspecies. Furthermore, the amount of virus in the midgut did not influence if or how much virus would escape from the midgut. This is consistent with the findings of Miller and Mitchell 7 in which YF virus-susceptible and -resistant lines of A. aegypti were similar in virus titer for the first five days after oral infection, after which the susceptible line continued to increase to high titer while the resistant line did not. From this they concluded that replication occurs in the midguts of both lines at equal levels. Gubler and Rosen 5 also found similar titers in whole mosquito bodies of A. albopictus after oral infection with DEN-2 virus, regardless of the susceptibility of the strain. This pattern does not extend to all vector-virus systems. Kramer and others 32 observed that in an unselected laboratory population of Culex tarsalis, individuals with an MEB to WEE virus had an average 1.2 log 10 reduction in MT as compared with transmitters. This difference was even more pronounced in a strain of C. tarsalis selected for increased WEE virus susceptibility, where MEB individuals had a 2.7 log 10 reduction in MT.
The fact that viral titers in infected tissues did not differ between subspecies suggests that genes that influence virus titer in the midgut or other body tissues ultimately have a minimal impact on the overall vector competence of A. aegypti for DEN-2 virus. Instead, it is the genes that control the MIB and the MEB that exert the greatest effect on vector competence. This pattern could reflect differences in the presence or density of a receptor on midgut cells in the two strains, which determines whether a cell becomes infected rather than the amount of viral replication within that cell. 6 The significant additive genetic effects in MIB detected in this study could arise from variation in the density of a viral receptor on the lumen side of midgut cells. Similarly, the additive effect of genes on HT in the Ibo strain could arise from variation in the density of a viral receptor in tissues affecting the MEB or other tissues normally infected by DEN-2 virus. However, additive genetic effects can arise from any genetic factor that varies continuously among mosquitoes and affects virus survival and replication. This could include pH of the midgut, proteolytic enzymes, thickness of host tissues or the peritrophic matrix, and many aspects of intracellular physiology. Dominance effects can arise from any genetic factor that varies qualitatively among mosquitoes and affects virus survival and replication. Dominance effects were seen for HT in the PR strain. This could arise from the presence or absence, rather than quantity, of a viral receptor in infected tissues outside the midgut.
Our results suggest that at least two genes or sets of genes control vector competence in A. aegypti; one set controlling the MIB, the other controlling the MEB. We are not the first to propose multigenic control of vector competence for flaviviruses in A. aegypti. Gubler and others 3 found by crossing strains of A. aegypti with high and low susceptibility to DEN-2 virus that the resistant phenotype was dominant. Wallis and others 33 came to the conclusion that only a few genes of major effect control flavivirus vector competence in A. aegypti. Miller and Mitchell 6 also concluded that more than one gene was involved, but that there were likely two loci of major effect.
It is often hypothesized that heritability measurements made under homogeneous conditions such as the laboratory or greenhouse will be inflated. A reduction in V P is predicted because of a decrease in V E . Simons and Roff 34 examined the effect of environmental variability on heritability measurements for morphologic and life history traits in the field cricket Gryllus pennsylvanicus. As expected, heritabilities estimated in the laboratory were consistently higher than estimates from the field. Importantly, this was as much a consequence of reduced V A in the field as of increased V E . It is not possible to predict if V A will increase or decrease in the laboratory environment. It should be noted, however, that the heritabilities measured in the field, while lower than laboratory estimates, did not change their interpretation of the results.
The traits examined in this study showed a large environmental variance even under laboratory conditions. Virus titers in the midgut varied by up to five log 10 units among infected individuals. Head titers varied just under four log 10 units among individuals. This difference in variation was reflected in higher values of V P for MT than for HT in both strains. The V E accounted for 78-91% of the V P . Therefore, while genetic effects are important, environmental effects even under relatively homogeneous laboratory conditions are very large.
We have constructed a dense linkage map of the A. aegypti genome. 35 We will use this to map quantitative trait loci (QTL) that condition vector competence of A. aegypti for DEN-2 virus. This will allow us to estimate the number of genes that control MIB and MEB and compare their identities in the two subspecies. This study was in part designed to identify quantitative traits that might be useful to map QTLs.
